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Frog virus 3 (FV3) is the type species member of the genus Ranavirus (family Iridoviridae). To better understand the molecular
mechanisms involved in the replication of FV3, including transcription of its highly methylated DNA genome, we have determined the
complete nucleotide sequence of the FV3 genome. The FV3 genome is 105903 bp long excluding the terminal redundancy. The G + C
content of FV3 genome is 55% and it encodes 98 nonoverlapping potential open reading frames (ORFs) containing 50–1293 amino acids.
Eighty-four ORFs have significant homology to known proteins of other iridoviruses, whereas twelve of these unique FV3 proteins do not
share homology to any known protein. A microsatellite containing a stretch of 34 tandemly repeated CA dinucleotide in a noncoding region
was detected. To date, no such sequence has been reported in any animal virus.
D 2004 Elsevier Inc. All rights reserved.Keywords: FV3; Frog virus 3; Ranavirus; Iridovirus; Genome; MicrosatelliteIntroduction
The family Iridoviridae consists of four genera, Iridovirus
and Chloriridovirus that infect insects, and Ranavirus and
Lymphocystivirus that infect lower vertebrates (Williams et
al., 2000). To date, no iridoviruses have been isolated from
higher vertebrates. Iridoviruses are large icosahedral viruses
whose genomes consist of linear, double-stranded DNA that
is both circularly permutated and terminally redundant
(Darai et al., 1983, 1985; Delius et al., 1984; Goorha and
Murti, 1982). The genomes of Ranavirus and Lymphocysti-
virus have been shown to be highly methylated (Darai et al.,
1983; Willis and Granoff, 1980; Tidona and Darai, 1997).
Recently, many virulent iridoviruses have been isolated and
characterized from fish, reptiles, amphibians, and turtles.0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.02.019
$ Accession number: AY548484 GenBank nucleotide sequence
database.
* Corresponding author. Laboratory of Virology, Department of
Biological Sciences, Western Michigan University, Room 3931, Wood
Hall, 1903 West Michigan Avenue, Kalamazoo, MI 49008-5410. Fax: +1-
269-387-5609.
E-mail address: karim.essani@wmich.edu (K. Essani).These viruses cause serious systemic diseases and high
mortality rates in cultured fish, frogs, and turtles and have
become economically important pathogens (Ahne et al.,
1989; Berry et al., 1983; Chinchar, 2002; He et al., 2000;
Hedrick et al., 1992; Hengstberger et al., 1993; Marschang et
al., 1999). Most of the viruses isolated from fish, amphib-
ians, and reptiles were tentatively classified as members of
the genus Ranavirus (Williams et al., 2000). Currently, only
three of the lower vertebrate iridovirus genomes have been
completely sequenced. These include lymphocystis disease
virus 1 (LCDV1) accession no. L63545, infectious spleen
and kidney necrosis virus (ISKNV) accession no.
AF371960, and tiger frog virus (TFV), also called Rana
tigrina ranavirus, accession no. AF389451. The genome
sizes range from 103000 bp for LCDV1 (Tidona and Darai,
1997) to 111400 bp for ISKNV (He et al., 2001) encoding
from 105 to 124 non-overlapping potential open reading
frames (ORFs), respectively. Recently, the genome of a
ranavirus which infects the salamander (Ambystoma tigri-
num) has also been completely sequenced (Jancovich et al.,
2003), but the genomic sequence was not available in the
GenBank at the time of preparation of this manuscript.
W.G.H. Tan et al. / Virology 323 (2004) 70–84 71Frog virus 3 (FV3), one of the most extensively studied
iridovirus at the molecular level and the type species of the
genus Ranavirus, was originally isolated from a renal tumor
of a leopard frog, Rana pipiens (Granoff et al., 1966). Later
studies, however, revealed that FV3 did not cause any
detectable disease in frogs (Granoff, 1969). FV3 replicates
in a wide variety of cell lines of human, simian, rodent,
piscine, avian, and amphibian origin (Granoff, 1969). How-
ever, it has a stringent replication temperature requirement
of 33 jC or less, with an optimal temperature of 26–30 jC
(Gravell and Granoff, 1970).
FV3 DNA replicates in two stages and utilizes both the
nucleus and the cytoplasm (Goorha, 1982). First stage of
DNA synthesis takes place in the nucleus of the host cell
that results in the synthesis of genome size molecules.
Later, progeny DNA is exported to the cytoplasm where
second-stage DNA synthesis results in the formation of
concatermeric DNA (Goorha, 1982; Goorha et al., 1978).
One unique feature of FV3 is its highly methylated DNA.
All internal cytosines in the tetranucleotide sequence
CCGG are methylated (Willis and Granoff, 1980). FV3
shows one of the highest levels of DNA methylation
known. Since its isolation (Granoff et al., 1966), FV3 has
been the subject of many studies related to its highly
ordered and tightly coordinated expression of immediate-
early, delayed-early, and late genes (Elliot and Kelly, 1980;
Willis et al., 1977). Because host RNA polymerase II is
utilized for FV3 mRNA synthesis (Goorha, 1981) and is
unable to transcribe methylated DNA, it has been of great
interest to understand how the highly methylated FV3
genome is transcribed (reviewed in Willis et al., 1989).
An FV3 trans-activating protein has been implicated in the
transcription of the methylated viral template (Spangler and
Essani, 1994; Thompson et al., 1986; Willis and Granoff,
1985). To identify the gene(s) encoding this protein(s) and
other proteins that might play important roles in the
transcription of viral DNA, we sequenced the genome of
FV3. Moreover, aside from clarifying key aspects of FV3
RNA synthesis, the FV3 genomic sequence will also be
helpful in understanding molecular mechanisms involved in
viral pathogenesis and in elucidating phylogenetic relation-
ships among different iridovirus species and genera.Results and discussion
FV3 genomic organization
Cloned FV3 genomic DNA was sequenced using the
primer walking method and transposon tagging system.
Each cloned restriction fragment was linked by sequencing
overlapping KpnI and HindIII fragments, or sequencing
PCR products spanning the region between two fragments.
We sequenced both strands of the entire FV3 genome and
each nucleotide was sequenced between 2 and 16 times. The
results revealed that the FV3 genome contained a contigu-ous 105903-bp nucleotide sequence, excluding the terminal
redundancy. The FV3 genome was circularly permutated
and terminally redundant as described earlier (Goorha and
Murti, 1982). The G + C content of the FV3 genome was
55%, confirming earlier reports (Houts et al., 1970; Smith
and McAuslan, 1969). The HindIII restriction map of the
FV3 genome was found to be consistent with the restriction
map previously published (Lee and Willis, 1983). However,
our KpnI restriction map differed slightly from the earlier
KpnI restriction map (Lee and Willis, 1983). We found an
additional 3.75-kb KpnI restriction fragment that may not
have been detected earlier due to close migration of two
fragments during electrophoretic separation (Lee and Willis,
1983). We have designated the novel fragment as KpnI ‘Ia’
(3.75 kb) to distinguish it from previous KpnI ‘I’ (3.6 kb).
Although FV3 has a relatively compact arrangement of
ORFs, there are a few regions that do not appear to encode
viral proteins. Most of these noncoding regions were short
and contained TAAT and CAAT box-like regulatory sequen-
ces both upstream and downstream of ORFs. These features
are similar to that found in the TFV genome (He et al.,
2002). Moreover, as expected, there was no evidence of
introns. We have identified a total of 98 nonoverlapping
putative ORFs containing 50 or more amino acids (Table 1,
Fig. 1) by computer analysis using MacVector (Oxford
Molecular). Eighty-four of these putative ORFs have
corresponding homologues in other iridoviruses infecting
lower vertebrates [TFV (81 ORFs), LCDV1 (41 ORFs),
ISKNV (23 ORFs)], or insects [CIV (31 ORFs)]. Eighteen
(Table 1, underlined) of the 84 ORFs were common to FV3,
TFV, LCDV1, ISKNV, and CIV. Fourteen potential ORFs
unique to FV3 (6R, 7R, 13R, 18L, 30R, 42L, 43R, 44R,
54L, 61L, 64R, 65L, 66L, and 98R) were either putative
secretory proteins or possessed a transmembrane domain
(Table 1, marked with a superscript k). Only two (54L, 64R)
of these 14 ORFs share conserved domains with known
proteins.
Microsatellites and repeated sequences
A unique feature of the FV3 genomic DNA was the
existence of a microsatellite containing 34 tandemly repeated
CA dinucleotide. This sequence was located in the non-
coding region between ORFs 72L and 73L and encompassed
nucleotides 80838–80905. CA dinucleotide microsatellites
are found most commonly in Drosophila melanogaster
(England et al., 1996; Schug et al., 1998). This is the first
such sequence found in an animal virus. Microsatellites are
tandemly repeated sequences that are made up of a single
sequence motif not more than six bases long without any
interruption by any other base or motif (Goldstein and
Schlo¨tterer, 1999). Microsatellites may serve as functional
coding or regulatory elements. The presence of a micro-
satellite upstream of, or within, the promoter region can
function as an enhancer (Kashi et al., 1997; Kunzler et al.,
1995). Microsatellites are mutational hotspots and produce
Table 1
FV3 Start/Stop AAb kDac IPd Predicted functions/ Best match TFV LCDV1 ISKNV CIV
ORFa conserved domain
Species Accession
no.e
BLASTP
score
%Idf Length
(AA)
ORFg ORFh ORFi ORFj
1R 272–1042 256 29.7 9.42 Replication factor
and/or DNA packing
protein, SP
LCDV1 NP078747 147 42 162 – 162L 061L 282R
2L 2611–1649 320 34.6 8.81 Myristylated
membrane protein,
DUF230 poxvirus
protein of unknown
function, TM
LCDV1 NP078745 191 37 21 2L 160L – 337L
3R 3418–4734 438 48.3 6.40 IIV6 ORF229L,SP IIV6 NP149692 51 22 256 4R – – 229L
4R 4775–4957 60 6.5 9.15 TM 5R – – –
5R 5390–6004 204 23.4 4.28 FPV ORF250, US22,
herpes virus early
nuclear protein, SP
FPV Pfam02393 73 34 122 6R – – –
6Rk 6007–6234 75 8.8 5.39 SP – – – –
7Rk 7025–7411 128 13.7 11.97 SP – – – –
8R 7503–11,384 1293 140.8 6.18 DNA-dependent TFV AAL77794 2609 99 1293 8R 016L 028L 176R
RNA polymerase
largest subunit, SP
Pfam04997
9L 14,599–11,753 948 106.4 8.99 NTPase, SNF2 TFV AF389451 4747 98 948 9L 132L 63L 022L
family, N-terminal, Pfam00176
helicases C-terminal,
DEAD/H helicases,
SP
Pfam00271
10R 14,615–15,028 137 14.9 9.56 TM 10R – – –
11R 15,378–15,590 70 7.9 4.61 TM 11R – – –
12L 16,549–15,656 297 32.7 8.02 Unknown protein, SP LCDV1 NP078701 112 31 236 12L 108L 096L 287R
13Rk 17,090–17,296 68 7.5 5.21 SP – – – –
14R 17,311–17,670 119 13.4 4.83 Unknown protein, SP LCDV1 NP078646 38 27 95 15R 042L – –
15R 17,766–18,734 322 36.1 5.03 AAA-ATPase, TFV AF389451 630 97 322 16R 054R 122R 075L
poxvirus A32
protein, SP
Pfam04665
16R 19,014–19,841 275 30.0 11.59 Integrase homologue,
SP
FV3 P29164 568 100 275 17R – – –
17L 21,590–20,082 502 53.5 6.09 SP 18L – – –
18Lk 21,864–21,628 78 8.3 5.49 TM – – – –
19R 21,916–24,471 851 92.9 9.89 Conserved
uncharacterized
protein, SP
LCDV1 NP078619 186 28 538 20R 10L – 380R
20R 24,519–24,965 148 16.0 9.11 Unknown protein,
TM
LCDV1 NP078769 58 44 75 21L 194R – 117L
21L 25,861–25,202 219 25.4 4.62 ORF56L ISKNV AF371960 118 42 131 – 056R 067R
22R 25,991–28,913 973 108.7 6.80 D5 family NTPase, LCDV1 NP078717 577 36 975 22R 128L 109L 184R
ATPase, SP COG3378
23R 29,290–30,438 382 42.5 6.45 SP 23R – – –
24R 30,821–31,918 365 41.0 6.44 SP 24R – – –
25R 32,112–32,900 262 29.6 5.34 P31K protein, SP FV3 CAA37177 515 99 262 25R 122R – –
26R 32,967–33,197 78 8.0 9.16 eIF-2a homologue,
SP
FV3 AF131072 127 86 71 26R – – –
27R 33,728–36,640 970 107.2 8.82 Tyrosine kinase, TFV AAL77799 1972 97 970 29R 195R – 179R
CAP 10, putative
lypopolysaccharide
modifying enzyme
Smart0672
28R 36,689–37,177 162 18.2 9.00 Unknown protein, SP LCDV1 NP078685 61 33 84 30R 90R – –
29L 37,652–37,356 98 11.3 11.50 SP 31L – – –
30Rk 37,854–38,006 50 6.0 11.32 TM – – – –
31R 38,068–38,487 139 15.2 6.76 SP 32R – – –
32R 38,537–40,426 629 70.0 9.96 Neurofilament triplet
H1 protein, SP
Rabbit A43427 102 25 474 33R – – –
33R 40,509–40,700 63 6.6 9.22 Unknown protein,
TM
LCDV1 NP078706 40 39 41 34R 113L – 308L
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Table 1 (continued)
FV3 Start/Stop AAb kDac IPd Predicted functions/ Best match TFV LCDV1 ISKNV CIV
ORFa conserved domain
Species Accession
no.e
BLASTP
score
%Idf Length
(AA)
ORFg ORFh ORFi ORFj
34R 40,844–41,164 106 11.4 6.68 Human
parainfluenza virus
1 L protein, TM
AF117818 38 34 80 36R – – –
35L 41,717–41,256 153 17.3 12.15 SP 37L – – –
36L 42,353–41,370 207 22.7 10.80 SP 38L – – –
37R 42,749–43,378 209 23.3 10.24 NIF/NLI
interacting
factor, SP
LCDV1 NP078678 95 38 199 40R 082L 005L 355R
38R 43,519–45,216 565 62.4 8.77 Ribonucleoside TFV AAL77800 1132 98 555 41R 176R – 85L
diphosphate
reductase, alpha
subunit, SP
ribonucleoside
reductase, barrel
domain
Pfam02867
39R 45,322–45,672 116 12.7 9.80 Hydrolase of the
metallo-beta-
lactamase
superfamily, SP
Archea NP614059 34 38 58 42R – – –
40R 45,761–46,309 182 19.6 9.69 TM 43R – – –
41R 46,691–50,188 1165 129.0 9.02 RRV orf-2-like
protein, SP
RRV AAK37740 2303 97 1165 45R 163R 076L 295L
42Lk 50,941–50,864 85 9.4 9.74 SP – – – –
43Rk 50,940–51,455 171 19.3 6.09 TM – – – –
44Rk 51,476–51,661 61 7.0 12.31 SP – – – –
45L 52,348–51,938 136 15.6 5.63 LCDV1
Orf-88-like
protein, SP
RRV AAK54494 254 98 128 47L 36R – –
46L 52,968–52,723 114 8.6 12.78 Neurofilament
triplet H1-like
protein, SP
RRV AAK54495 119 81 78 48L – – –
47L 53,509–53,093 138 15.5 7.24 SP 49L – – –
48L 53,763–53,512 83 9.6 7.16 SP 50L – – –
49L 54,621–53,872 249 27.4 6.16 LCDV1 Orf58-like RRV AAK54496 324 86 194 51L 110L – –
protein, SP, SAP
DNA binding
domain
pfam02037
50L 55,459–54,770 229 22.4 4.76 SP 52L – – –
51R 55,539–57,224 561 61.7 5.41 Unknown, SP LCDV1 NP078649 75 24 487 53R 48R – –
52L 58,548–57,481 355 39.3 8.95 3-beta-hydroxy-
delta 5-C27
steroid
oxidoreductase-
like protein, TM
TFV AAL77802 727 99 355 54L 153L – –
53R 58,886–60,454 522 54.7 6.38 LCDV1 orf-20-like
protein, SP
RRV AAk54492 1010 97 523 55R 67L 007L 118L
54Lk 60,899–60,669 76 8.8 11.06 Nuclear calmodulin-
binding protein, SP
Gallus
gallus
AAC69888 31 34 56 – – – –
55L 62,232–60,937 431 47.6 6.82 Helicase-like
protein, SP
TFV AAL77803 869 98 431 56L – – 161L
55R 61,082–62,221 379 40.1 10.30 FV3 40-kDa
protein, SP
FV3 X82828 794 100 379 56L – – –
56R 62,320–62,757 145 17.0 11.51 SP 58R – – –
57R 62,871–64,367 498 53.6 6.35 Phosphotransferase, LCDV1 NP078729 128 23 473 59R 143L 013R –
SP, S_TKc, Serine/
Threonine protein
kinases
Smart00220
58R 64,692–65,405 237 26.3 11.86 SP 61R – – –
59L 67,014–65,956 352 39.8 9.25 RGV 9807
unknown protein,
SP
RGV AAL13097 721 99 352 62L – – –
(continued on next page)
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Table 1 (continued)
FV3 Start/Stop AAb kDac IPd Predicted functions/ Best match TFV LCDV1 ISKNV CIV
ORFa conserved domain
Species Accession
no.e
BLASTP
score
%Idf Length
(AA)
ORFg ORFh ORFi ORFj
60R 67,176–70,217 1013 115.0 8.66 DNA polymerase- TFV AAL77804 2028 99 1013 63R 135R 019R 037L
like protein, SP;
DNA polymerase
family B,
exonuclease
pfam03104
61Lk 70,408–70,226 60 7.0 9.40 SP – – – –
62L 74,516–70,851 1221 133.0 8.88 DNA-directed RNA TFV AAL77805 2443 98 1227 65L 025L 034R 428L
polymerase II pfam00562
second largest pfam04563
subunit-like protein,
SP; RNA polymerase
domain 6, 7, 3, 2
beta subunit
pfam04560
63R 74,895–75,389 164 17.4 6.49 dUTPase-like protein,
SP
TFV AAL77806 322 98 164 68R – – 438L
64Rk 75,529–75,816 95 10.4 6.57 Interleukin-1 beta Horse Q9TV13 59 36 85 – – – –
convertase precursor,
SP; CARD, Caspase-
recruitment
domain/DEATH
pfam00619
65Lk 76,373–76,209 54 4.9 4.01 SP – – – –
66Lk 76,921–76,370 183 20.3 9.08 SP – – – –
67L 78,139–76,976 387 43.9 4.99 Ribonucleoside- TFV AAL77807 785 98 387 71L 027R 024R 376L
reductase, pfam00268
Diphosphate beta
subunit-like
protein, SP
COG0208
68R 78,422–78,709 95 10.3 6.54 SP 72R – – –
69R 78,845–79,111 88 9.3 8.56 Unknown protein,
TM
LCDV1 NP078755 33 26 69 74R 172L – –
70R 79,129–79,503 124 13.4 10.80 SP 75R – – –
71R 79,543–79,776 77 8.3 4.29 SP 76R – – –
72L 80,549–79,833 238 26.0 10.30 SP 77L – – –
73L 81,971–80,997 212 24.0 6.35 NTPase/helicase-
like protein, SP
TFV AAL77808 650 95 324 78L 107R – –
74L 83,258–82,146 370 39.2 11.50 SP 79L – – –
75L 83,544–83,290 84 9.2 7.24 LITAF, PIG7,
possible membrane
associated motif in
LPS-induced tumor
necrosis factor alpha
factor, TM
Smart00714 80L – – –
76R 83,607–83,828 73 8.0 11.17 SP 81R – – –
77L 84,172–83,825 115 12.8 10.01 LCDV Orf2-like
protein, SP
RRV AAK84402 237 96 115 82L 32R – –
78L 85,395–84,757 212 24.0 6.35 SP 83L – – –
79R 85,531–87,249 572 63.6 9.29 ATPase-dependent
protease, SP
COG1220 84R – – –
80L 88,987–87,872 371 40.4 8.36 Ribonuclease-like TFV AAL77809 725 99 371 85L 137R 087R 142R
protein, Ribonuclease
III, SP
pfam00636
81R 89,043–89,321 92 10.5 9.26 Transcription
elongation Factor
SII, C2C2 zinc
finger, SP
TFV AAL77810 195 98 92 86R 171R 029L 349L
82R 89,450–89,923 157 17.7 5.23 Immediate-early
protein ICP-18, SP
FV3 AAA43825 325 100 157 87R – – –
83R 90,373–91,017 214 24.7 9.41 Cytosine DNA
methyl-transferase,
SP
FV3 AAA86859 455 100 214 89R 005L 046L –
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FV3 Start/Stop AAb kDac IPd Predicted functions/ Best match TFV LCDV1 ISKNV CIV
ORFa conserved domain
Species Accession
no.e
BLASTP
score
%Idf Length
(AA)
ORFg ORFh ORFi ORFj
84R 91,389–92,126 245 26.0 8.60 Proliferating
cell nuclear
antigen, SP
LCDV1 NP078615 77 24 246 090R 003L 112R 436L
85R 92,201–92,788 195 22.1 5.21 Deoxynucleoside
kinase, SP
LCDV1 NP078725 119 41 168 – 136R 032R 143R
86L 93,363–93,178 61 6.80 8.50 SP 092L – – –
87L 95,533–93,716 605 65.4 10.21 Unknown
protein, SP
LCDV1 NP078643 69 28 200 93L 39R – –
88R 95,566–96,018 150 16.5 9.91 Evrl_Air-augmenter ISKNV AAL98767 88 43 113 94R 081R 043L 347L
of liver
regeneration, SP
pfam04777
89R 96,086–97,252 388 44.2 9.74 SP 95R – – –
90R 97,345–98,736 463 49.9 5.68 Major capsid
protein, SP
FV3 Q67473 927 100 463 96R 147L 006L 274L
91R 98,860–100,047 395 45.5 5.47 Immediate-early
protein ICP–46, SP
FV3 P14358 765 94 401 97R 047L – 393L
92R 100,398–100,637 79 8.90 9.97 SP 98R – – –
93L 100,986–100,819 55 5.7 3.78 SP 99L – – –
94L 101,563–101,096 155 17.8 9.62 P8.141C, TM RRV AAK53746 304 94 155 100R 019R 086L 307L
95R 101,656–102,747 363 40.6 7.43 DNA repair protein TFV AAL77816 724 96 363 101R 191R 027L 369L
RAD2, Xeroderma Smart00485
pigmentosum G
N-region; Helix-
hairpin-Helix,
Class 2 (Pol I)
family, SP
Smart00279
96R 103,549–104,220 223 24.3 4.84 Unknown protein,
SP
LCDV1 NP078768 57 25 229 103R 193L – –
97R 104,303–104,716 137 15.3 4.94 Myeloid cell
leukemia protein,
MCL-1, TM
Gallus
gallus
AAD31644 33 31 59 104R – – –
98Rk 105,482–105,682 67 7.8 12.49 SP – – – –
Note. SP, secretory protein; TM, transmembrane domain; LCDV-1, lymphocystis disease virus 1; ISKNV, infectious spleen and kidney necrosis virus; FPV,
fowlpox virus; EHNV, epizootic haematopoietic necrosis virus. Dash (– ) mark denotes no corresponding homologous ORF in the genome.
_ denotes common ORFs among FV3, TFV, LCDV-1, ISKNV, and CIV.
a ORFs are numbered and begin from the left end (from HindIII ‘‘E’’) of the genome. Direction of transcription is indicated by left ‘‘L’’ for anti-sense strand and
right ‘‘R’’ for sense strand of the DNA.
b AA—number of amino acids of each FV3 putative protein.
c kDa—molecular mass of each protein as predicted by MacVector 7.0.
d IP—isoelectric points of each protein calculated by MacVector 7.0.
e Accession numbers, NCBI RPS-BLAST protein database reference numbers.
f Percentage of amino acid identity based on BLASTP analysis.
g Best matched ORF from the tiger frog virus (TFV) genome.
h Best matched ORF from the lymphocystis disease virus 1 (LCDV-1) genome, indicated ORF numbers are from Tidona and Darai (1997).
i Best matched ORF from the infectious spleen and kidney necrosis virus (ISKNV) genome.
j Best matched ORF from the Chilo iridescent virus (CIV) genome.
k FV3 unique ORFs not present in other iridoviruses.
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of quantitative genetic variation and evolutionary adaptation
(Goldstein and Schlo¨tterer, 1999). The biological signifi-
cance of this finding in FV3 still remains to be resolved.
However, primers flanking this unique microsatellite region
could be used to identify polymorphisms within frog virus
isolates. The FV3 genome also has many interspersed
multiple tandem and inverted repeats, and also dyad sym-
metries which are commonly found in iridoviruses, ascovi-
ruses, geminivirus, African swine fever virus, and Epstein–
Barr virus (Bigot et al., 2000; Dixon et al., 1990; Dry et al.,1997; Fischer et al., 1988; Mu¨ller et al., 1999; Schnitzler and
Darai, 1989; Fujiwara and Ono, 1995).
Regulatory sequences—putative promoter sequences,
transcriptional start and termination sequences, and RNA
polymerase II binding sites
FV3 genes are expressed in three temporal classes:
immediate-early, delayed-early, and late (Elliot and Kelly,
1980; Willis et al., 1977). Two of the immediate-early genes
have been previously sequenced and their promoters ana-
Fig. 1. Linear ORF map of FV3 genome. Linear predicted ORF map of FV3 genome, excluding terminal redundancy. ORFs are numbered from left to right.
Each ORF is represented by an arrow that indicates the approximate size and the direction of transcription based on the position of methionine initiation and
termination codons. Potential function of each ORF is color-coded as indicated in the figure. The location of CA microsatellite is indicated by **.
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promoters of the two genes have different structures, sug-
gesting that FV3 does not employ a canonical promoter
sequence for transcriptional regulation. Most of the ana-
lyzed FV3 ORFs have AT-rich regions or GC motifs similar
to those of eukaryotic genes upstream of the putative
transcriptional start sites. The sequences found upstream
of the putative ORFs include CAAT, TATA, and TATAAT
boxes; however, some potential ORFs do not have any of
these regulatory elements. Putative transcriptional start and
termination sites (Willis and Granoff, 1985; Beckman et al.,
1988; Willis et al., 1984) were also found within an AT-rich
region preceding most of the FV3 ORFs.
Transcriptional regulation
FV3 tightly regulates viral gene expression using a
variety of transcriptional control proteins. For example,
early messages are synthesized in the nucleus and require
host RNA polymerase II and at least two viral proteins
(Goorha, 1981; Thompson et al., 1986; Willis and Granoff,
1985). A virion-associated protein is required for the syn-
thesis of immediate-early (IE) messages, whereas a virus-
induced factor is needed for delayed-early (DE) and late (L)
transcription. Although neither protein has yet been identi-
fied, FV3 ORFs 37R and 81R encode proteins homologous
to the NIF/NL1 interacting factor of LCDV1 and a tran-
scriptional elongation factor that might be candidates for
these transcriptional activators. Late viral transcription is
thought to occur in the cytoplasm and is likely to be
catalyzed by a virus-encoded or virus-modified polymerase.
FV3 and other iridoviruses encode two proteins (ORFs 8R
and 62L) with significant sequence homology to the two
largest subunits of eukaryotic DNA-dependent RNA poly-
merase II. Whether these form the core of a novel viral RNA
polymerase or whether they modify an existing host RNA
polymerase has not yet been determined.
DNA replication, repair, modification, and processing
The FV3 genomic sequence has ORFs that could poten-
tially encode several DNA replication, repair, and modifi-
cation enzymes. These include DNA polymerase (ORF
60R), ATPase (ORF 15R), integrase (ORF 16R), replication
factor (ORF 1R), NTPase/helicase-like protein (ORF 9L,
ORF 22R, ORF 55L, and ORF 73L), a 40-kDa protein of
unknown function is also encoded by ORF 55 in the reverse
direction, a SAP DNA binding protein (ORF 49L), cytosine
DNA methyltransferase (ORF 83R), and RAD2 DNA repair
protein (ORF 95R). FV3 ORF 60R showed a high amino
acid identity to the structural domain of DNA polymerase B
family. The functions of this enzyme include elongation,
DNA binding, dNTP binding activities, and a domain with
3V–5V exonuclease activity. This protein also showed high
identity (95–99%) to TFV and Regina ranavirus DNA
polymerase genes but low identity (36–38%) to LCDV1,ISKNV and CIV. A putative replication factor and DNA
packaging protein is encoded by FV3 ORF 1R and has a
LCDV1 counterpart. A conserved C-terminal domain re-
stricted to helicases of the DEXD/H helicase family is
encoded by ORF 9L. Protein database (RPS-Blast) searches
also showed that this ORF contains a conserved N-terminal
domain of the SNF2 family, which is involved in a variety
of processes including transcription regulation, DNA repair,
DNA recombination, and chromatin unwinding (Laurent et
al., 1991). Both ORFs 22R and 73L encode putative
NTPases. These ORFs also showed high identity to ORFs
9L and 78L of the TFV genome (He et al., 2002) and also
NTPases of Regina ranavirus, LCDV1, and ISKNV. FV3
ORF 95R encodes a homologue of the highly conserved N
and I region domain of xeroderma pigmentosum G, which
functions in nucleotide excision repair and transcription
coupled repair of oxidative DNA damage. In addition,
protein database (RPS-Blast) searches suggested that this
ORF may be a 5V–3V exonuclease and could function in
DNA excision and repair. This ORF also showed a high
nucleotide and protein identity to TFV ORF 101R, but
much lower identity to the homologues of LCDV1, ISKNV,
and CIV. A SAP DNA-binding domain was encoded by
FV3 ORF 49L, suggesting that it is involved in chromo-
somal organization. Its counterpart in TFV is ORF 51L and
ORF 110L in LCDV1, but it is not present or identified in
ISKNV and CIV. FV3 ORFs that encode for proteins
involved in biosynthesis of nucleic acid precursors include
FV3 ORF 63R, which has significant homology to deoxy-
uridine triphosphatase (dUTPase), the function of which is
to hydrolyze dUTP to dUMP and pyrophosphate. This ORF
has a high percentage of identity to TFV ORF 68R and low
identity to CIV’s homologue, but is not identified in LCDV1
and ISKNV. This ORF also showed a high identity to rat
dUTPase. Other putative FV3-encoded enzymes involved in
nucleic acid metabolism include deoxynucleoside kinase
(ORF 85R), ribonucleoside diphosphate reductase alpha
subunit (ORF 38R), and beta subunit (ORF 67L). These
proteins also showed some degree of identity to TFV,
LCDV1, and ISKNV ORFs.
Protein modifications
An ATPase-like coding sequence homologous to its TFV
counterpart ORF 16R is encoded by FV3 ORF 15R. Homo-
logues of ORF 15R are identified in LCDV1 (ORF 54R),
ISKNV (ORF 122R), and CIV (ORF 75L). This protein has a
conserved domain belonging to the AAA-ATPase family,
which has chaperone-like functions that assist in the assem-
bly or disassembly of protein complexes. Interestingly, this
ORF also showed identity to vaccinia virus A32 protein,
which is thought to be involved in viral DNA packaging
(Cassetti et al., 1998; Koonin et al., 1993). Another potential
ORF involved in protein modification is encoded by ORF
79R, possibly an ATP-dependent protease which functions in
posttranslational modification, protein turnover, and as a
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kinase ORFs include tyrosine kinase (ORF 27R), serine/
threonine kinase (ORF 57R), phosphatidylinositol-specific
phospholipase (ORF 32R), and protein kinase (ORF 19R).
Host–virus interactions
In addition to the essential genes that are required for
virus replication, FV3 also encodes a variety of putative
genes involved in host–virus interactions. These include a
protein similar to herpesvirus secretory nuclear protein from
the US22 protein family (ORF 5R), which may play a role
in virus replication and pathogenesis, and a protein with
homology to the vaccinia virus 3-beta-hydroxy-delta 5-C27
steroid oxidoreductase-like protein (ORF 52L), which has
been suggested to suppress inflammatory responses and thus
contribute to virulence (Reading et al., 2003). In addition,
four proteins that may be involved in apoptotic signaling
have also been identified: a protein containing CARD
(caspase recruitment domain) and DEATH domain-like
motifs (ORF 64R), a protein with homology to the LPS-
induced tumor necrosis factor-alpha (LITAF, ORF 75L), a
homologue of a LCDV1 protein similar to proliferating cell
nuclear antigen (PCNA) (ORF 84R), and Bcl-2-like protein
containing BH1 and BH2 regions (ORF 97R).
FV3-specific proteins
Other putative ORFs encode immediate-early protein
ICP-18 (ORF 82R) and ICP 46 (ORF 91R), delayed-early
p31K protein (ORF 25R), a late 40-kDa protein (ORF 55R),
and a helicase-like protein (ORF55L), of which homologues
are found in other iridoviruses (Table 1). An interesting
feature of the FV3 p31K protein encoded by ORF 25R was
two stretches of seven glutamic acid residues near the
carboxyl terminal as previously reported by Schmitt et al.
(1990). The function or significance of these two stretches
of glutamic acid residues is not known. A total of 14 ORFs
are unique to FV3 and are not found in any other virus
(Table 1, marked with a superscript k). Two of these unique
ORFs include 54L and 64R. The 54L is a homologue of
nuclear calmodulin-binding protein and 64R has a caspase
recruitment domain. Interestingly, the anti-sense strand of
ORF 55R (which encodes the FV3 40-kDa protein) encodes
a potential ORF that translate into a helicase-like protein.
This helicase-like protein shares a high degree of identity
with TFV ORF 56L, a counterpart in epizootic haemato-
poietic necrosis virus (EHNV) and CIV ORF 161L. The T5
phage helicase is also similar to this protein. Protein
database searches (RPS-Blast) showed that this putative
protein has a highly conserved DEAD/DEAH-like domain
of the helicase superfamily. This protein could function in
the unwinding of duplexed nucleic acids, or could play a
role in RNA transcription or nucleocytoplasmic transport
and translation. However, additional studies are required to
ascertain the correct coding direction of ORF 55R or ORF55L. Due to the high homology with conserved protein
domain of a helicase-like protein, we have assigned ORF
55L as the putative ORF for this region.
Structural and other genes
As expected, FV3 ORF 90R encodes the major capsid
protein (Mao et al., 1996), which is highly conserved among
the iridoviruses. The sequence is frequently used for phylo-
genetic studies (He et al., 2002; Jancovich et al., 2003; Tidona
et al., 1998). A delayed-early gene homologue of integrase is
encoded by ORF 16R. This protein contains a conserved
sequence of an active catalytic site and has the functions of an
integrase-resolvase in recombination and religation via strand
exchange (Parsons et al., 1988). The replication strategy of
FV3 requires an integrase-resolvase because viral DNA
concatamers are thought to arise by recombination of smaller
genomic DNA molecules (Goorha and Dixit, 1984). In
addition, this enzyme may also be implicated in resolving
concatameric DNA complexes and facilitating the packaging
of viral DNA (Rohozinski and Goorha, 1992).
Nucleotide differences as compared to published sequences
Several of FV3-specific genes have been sequenced
previously. These include immediate-early protein ICP-18
(ICR169) (Willis et al., 1984, accession no.K02377) and
ICP-46 (ICR489) (Beckman et al., 1988, accession no.
M19872), a cytosine DNA methyltransferase (Kaur et al.,
1995, accession no. U15575), the delayed-early p31K
protein (Schmitt et al., 1990, accession no. X52986), a
putative integrase (Rohozinski and Goorha, 1992, accession
no. M80548), late 40-kDa protein (Munnes et al., 1995,
accession no. X82828), major capsid protein (Mao et al.,
1996, accession no. U36913), ATPase (accession no.
M80551), and eIF-2a homologue (Essbauer et al., 2001,
accession no. AF131072). For most of these genes, our
sequence data matched the published sequence completely
except for some minor discrepancies. However, for the viral
DNA methyltransferase gene in an aza-Cr mutant and a
putative homologue of eIF-2a, there were marked differ-
ences between our sequence and those published earlier.
Kaur et al. (1995) reported that the viral DNA methyl-
transferase gene of FV3 differed from the corresponding
gene in the aza-Cr mutant by a C ! G substitution at
position 1071. However, our aza-Cr mutant has a C ! T
transition at position 1072, which did not change the amino
acid encoded in the wt protein. Additionally, we found the
DNA methyltransferase gene of our aza-Cr mutant
contained a 13-bp insertion between positions 1078 and
1090 (Fig. 2). This 13-nucleotide insertion leads to the
truncation of the protein at its C-terminus and most likely
rendered it nonfunctional.
Surprisingly, we were unable to detect a full-length copy
of the ranavirus eIF-2a gene in our isolate of FV3. Instead,
we detected a truncated ORF encoding only 195 bp from the
Fig. 2. Partial nucleotide sequence alignments of FV3 and aza-Cr DNA methyltransferase gene. The 5V-end coding region of the DNA methyltransferase gene
was aligned using Clustal-X. Boxed area indicates the 13-bp insertion present in the aza-Cr mutant but not found in the wild-type FV3 DNA methyltransferase
gene. ATG indicates the start codon. Underlined nucleotide at position 1072 indicates a C ! T transition between aza-Cr and wild-type FV3.
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by searching for rearrangement of this gene by transposi-
tion, insertion, or inversion elsewhere within the genome
using Sequencher (Gene Codes) and MacVector (Oxford
Molecular). Moreover, repeated attempts to obtain this
sequence by PCR analysis of wild-type FV3 and aza-Cr
mutant DNA as template using eIF-2a specific primers from
Essbauer et al. (2001) and other primers flanking the region
in question were unsuccessful. In all cases, only 195 bp at
the 3V end of the e1F-2a homologue were obtained.
Apparently, this gene has undergone extensive rearrange-
ments that have resulted in a truncated sequence compared
to the eIF-2a homologues of other iridoviruses. This result
was unexpected because the eIF-2a gene is apparently
highly conserved among eukaryotes, poxviruses, and other
iridoviruses, particularly at the N-terminus (Essbauer et al.,
2001). Interestingly, our FV3 isolate still shuts off host
protein synthesis and selectively synthesizes viral proteins,
suggesting that FV3 eIF-2a homologue alone is not respon-
sible for this phenotype. It remains to be determinedFig. 3. DNA dot matrix plots comparing FV3 genome with TFV genome. Comple
matrix algorithm within the MacVector program. Solid lines indicate high level
parameters were set at 90% minimum score value with a hash value of 6 and Jumwhether other FV3 encoded proteins play a role in main-
taining protein synthesis in infected cells.
Relatedness of FV3 genome to other iridoviruses
A comparison of FV3 ORFs with those of TFV, LCDV1,
CIV, and ISKNV revealed many homologues (Table 1).
Most of these encode DNA processing enzymes and DNA-
binding proteins. However, FV3 also possesses ORFs that
could encode proteins including a putative replication factor
(ORF 1R, similar to LCDV1 ORF 162L), deoxynucleoside
kinase (ORF 85R, similar to LCDV1 ORF 136R), and a
protein that contains the BH1 and BH2 regions of B-cell
lymphoma-associated protein (ORF 97R). FV3 has ORFs
that could encode some secretory and transmembrane pro-
teins of yet-to-be determined functions (Table 1, marked
with a superscript k) not found in other ranaviruses studied
thus far.
DNA dot matrix (Pustell DNA matrix) analyses of FV3
genomic DNA with the TFV genome (Fig. 3), LCDV1,te genomic sequences of FV3 and TFV were aligned using Pustell DNA dot
of sequence similarity. Arrowheads indicate inversions. DNA dot matrix
p = 1. Both strands of DNA were aligned for the dot matrix plot.
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LCDV1, ISKNV, and CIV have little colinearity (i.e.,
conservation of gene order) or sequence similarity to FV3.
In contrast, gene order between FV3 and TFV was markedly
conserved, and sequence similarity was very high. Despite
the generally conserved order of FV3 and TFV genes,
several inversions, indicated by arrowheads in Fig. 3, were
observed in the latter half of the genome between ORFs 41R
and 98R. Additionally, there are short regions of low
sequence identity in the genomic sequences between
nucleotides 2000 and 51000 (Fig. 3). All of the 14 ORFs
unique to FV3 (Table 1, marked with a superscript k) were
found within these regions of DNA matrix incongruency
between FV3 and TFV.
In an effort to determine the phylogenetic relationship of
FV3 to other iridoviruses, we aligned the full-length major
capsid protein sequences of 13 iridovirus (12 isolated from
vertebrates and 1 from an invertebrate) using Clustal-X. An
unweighted parsimony bootstrap consensus tree was
obtained by heuristic search with 100 bootstrap replicates
using PAUP 4.0 (Swofford, 2002). The bootstrap tree (Fig.
4) showed that FV3, TFV, and Bohle iridovirus (BIV) areFig. 4. Parsimony bootstrap tree of the major capsid protein of representative
relationships between FV3 and other iridoviruses by alignment of the major capsid
analysis include tiger frog virus (TFV), Bohle iridoviruses (BIV), epizootic ha
lymphocystis disease virus (FLDV), lymphocystis disease virus 1 (LCDV1), chilo
African lampeye iridovirus (ALIV), dwarf gurami iridovirus (DGIV), red seabe
Paramecium bursaria Chlorella Virus 1 (CHVP1, a phycodnavirus) is used as an
based on 100 replicates.closely related and form a monophyletic group. This is
supported by the bootstrap value of 74 as indicated on the
branch in Fig. 4. Fish (Flounder) lymphocystis disease virus
(FLDV) and LCDV1 appear to be closely related and were
probably derived from a common ancestor, but were only
distantly related to FV3, TFV, and BIV. Additionally,
piscine iridoviruses such as ISKNV, African lampeye
(ALIV), and dwarf gurami iridovirus (DGIV) were closely
related to each other but were not grouped with the
ranaviruses as illustrated by the evolutionary relationships
shown in Fig. 4.
Additionally, we have also analyzed six other highly
conserved full-length protein sequences from FV3, TFV,
LCDV1, ISKNV, and CIV for phylogenetic inference using
PAUP 4.0 (Swofford, 2002). In all cases, these analyses
(Fig. 5) provided additional evidence that TFV and FV3 are
more closely related than any of the other iridoviruses.
Although these studies suggest that FV3 and TFV could
be strains of the same viral species, the sequence inversions
noted above (Fig. 3) indicate that the two isolates have
undergone considerable genetic changes. It is unclear
whether point mutations within key genes or alterations iniridoviruses. Parsimony bootstrap consensus tree showing phylogenetic
protein using Clustal-X and tree analysis by PAUP. Iridoviruses used for this
ematopoietic necrosis virus (EHNV), grouper iridovirus (GIV), flounder
iridescent virus (CIV), infectious spleen and kidney necrosis virus (ISKNV),
am iridovirus (RSBIV), and grouper sleepy disease iridovirus (GSDIV).
outgroup. Numbers above the branches indicate bootstrap support values
Fig. 5. Parsimony bootstrap trees of six conserved genes of FV3, TFV, LCDV1, ISKNV, and CIV. Complete amino acid sequences of (a) DNA polymerase
(ORF 60R), (b) RNA polymerase II (ORF 62L), (c) ribonucleotide reductase small subunit (ORF 67L), (d) ribonuclease III (ORF 80L), (e) DNA
methyltransferase (ORF 83R), and (f) major capsid protein (ORF 90R) of FV3, TFV, LCDV1, ISKNV, and CIV were aligned using Clustal-X and parsimony
bootstrap trees generated by PAUP. In all cases, high levels of support were obtained for the close relationship of FV3 and TFV. Numbers above branches
indicate bootstrap support values based on 100 replicates. Note that CIV is not included in the DNA methyltransferase gene phylogenetic analysis as this gene
is not present in this virus.
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responsible for the enhanced lethality of TFV, or if the
increase in pathogenicity is more a reflection of environ-
mental factors (e.g., immune suppression following the
stress of intensive farming practices). Taken together, our
results from DNA dot matrix and phylogenetic analyses
strongly suggest that frog iridoviruses (TFV, FV3, and BIV)
are distinct from fish iridoviruses described here. Moreover,
they support the current taxonomic view that Ranavirus
(FV3, TFV), Lymphocystivirus (LCDV1), and Megalocys-
tivirus (ISKNV, RSBIV) comprise three distinct genera
within the family Iridoviridae.
Although iridoviruses have not yet been studied as
intensively as other large DNA viruses, results obtained
with FV3 have led to better understanding of transcription
and translational control mechanisms in eukaryotes. For
example, FV3 is a particularly good model in which to
examine the impact of methylation on gene transcription
because host RNA polymerase II, in association with one or
more virus-induced proteins, has been shown to transcribe
the highly methylated viral genome. The molecular mech-
anisms involved in this process are of significant biological
and medical importance because one of the first steps along
the neoplastic pathway involves transcription of oncogenes
silenced by methylation. Thus, determination of the ge-
nomic sequence of FV3 provides the blueprint needed to
elucidate these and other important steps in eukaryotic
biology.Materials and methods
Viruses and cells
A clone of a 5-azacytidine-resistant (aza-Cr) mutant of
FV3 was obtained from Dr. Rakesh Goorha and propagated
in FHM cell monolayers at 33 jC in Eagle’s minimum
essential medium (EMEM) with 10% fetal bovine serum
(FBS). A clone of wild-type FV3 was also propagated in
FHM cell monolayers in an identical manner.
Isolation of FV3 genomic fragments
Genomic DNA from FV3 and aza-Cr mutant was isolated
from infected FHM cells as described previously (Willis and
Granoff, 1980) and digested with KpnI and HindIII. The
DNA fragments were ligated into pKB111, pBR322, or
pGEM4Z vectors. Ligation mixtures were transformed into
DH5-a-MCR (Invitrogen) cells and selected for ampicillin
or kanamycin resistance. Individual plasmids containing the
viral DNA inserts were isolated and resuspended in deion-
ized water for sequencing, using standard methods as
described (Maniatis et al., 1982).
Transposon priming of genomic DNA fragments
KpnI fragments A, D, E, M, and HindIII G fragments
were sequenced using New England Biolabs (NEB) GPS
W.G.H. Tan et al. / Virology 323 (2004) 70–84821.1 transposition genome priming system kit. Random
clones of the transposition reaction were selected by using
chloramphenicol resistance and the plasmid DNAs were
extracted as described above. DNA sequencing was per-
formed by using transposon-specific primers provided in the
kits according to the manufacturer’s protocol.
PCR reactions
Wild-type FV3 and aza-Cr mutant genomic DNA were
used as a template to obtain PCR fragments for sequencing
from a region covering the HindIII H fragment. PCR
products were also used for junctions between two non-
overlapping restriction fragments to obtain linkage of the
contigs.
DNA sequencing
Both strands of all plasmid DNAs and PCR products
were sequenced using a CEQ2000XL (Beckman-Coulter)
automated DNA sequencer, using the manufacturer’s
protocol. Each sequence read was linked using the primer
walking method. Sequences across restriction fragment
junctions were obtained by sequencing PCR products
amplified from wild-type FV3 and aza-Cr mutant genomic
DNA with primers for the appropriate regions flanking
the junctions. Each nucleotide was sequenced 2–16
times.
Computer-assisted analyses
Individual primer reads were aligned into contigs by
using Sequencher 4.1 (Genecodes). The ORFs and their
amino acids sequences were predicted using MacVector
7.0 (Oxford Molecular Ltd). DNA and protein database
searches were conducted using the BLASTX, BLASTP,
and RPS-Blast at the NCBI website (Altschul et al., 1997).
Alignment of amino acid sequences of DNA polymerase,
RNA polymerase II, ribonucleotide reductase small sub-
unit, ribonuclease III, DNA methyltransferase, and major
capsid protein were obtained by using Clustal-X 1.81
(Thompson et al., 1997). Trees were estimated for each
aligned amino acid sequence using PAUP 4.0 (Swofford,
2002). The DNA dot matrix was obtained using the
Pustell DNA matrix algorithm within MacVector 7.0
(Oxford Molecular Ltd). Prediction of transmembrane
helices and secretory domains of proteins were done using
TMpred (Hofmann and Stoffel, 1993), TMAP (Persson
and Argos, 1994), and TMHMM 2.0 (Sonnhammer et al.,
1998).
Nucleotide sequence accession number
The nucleotide sequence of the wild-type FV3 genome
has been deposited in GenBank and assigned the accession
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